INTRODUCTION
Crazing is one of the modes of plastic deformation of amorphous and semicrystalline polymers [1] [2] [3] . Nucleation and the subsequent growth of crazes are markedly enhanced in the presence of liquid media that reduce the surface energy of polymers [2] . Under the above conditions, crazing is the key mechanism of inelastic deformation of solid amorphous and semic rystalline polymers.
Glassy polymers usually experinece classical sol vent crazing [4] . In this case, crazes with a thickness varying from fractions of a micron to tens of microns nucleate. The crazes are separated by long fragments of the initial undeformed material and can cross the entire cross section of the sample. The craze walls are bridged by oriented fibrils with a diameter of 10-20 nm that are separated by voids of nearly the same dimensions [3, 4] .
In addition, semicrystalline polymers undergo another mode of crazing referred to as delocalized (or intercrystallite) fine crazes with a thickness of several tens of nanome ters, and these crazes are primarily localized in the interlamellar regions of the semicrystalline polymer [2, [5] [6] [7] . This mode of solvent crazing is traditionally observed for the tensile drawing of highly crystalline polymers in liquid media at temperatures above the glass transition temperature of the amorphous phase. In this case, the mechanical characteristics of the amorphous and crystalline phases are substantially different, for example, in HDPE [6] and isotactic PP [7] . Note that all structural and morphological aspects of delocalized solvent crazing are far from being well studied.
Tensile drawing of polymers via the mechanism of crazing can proceed also in gaseous media. For exam ple, according to [8] , classical crazes form during ten sile drawing of isotactic PP in the presence of various gases (N 2 , O 2 , CO 2 ) at atmospheric pressure (0.1 MPa) in the broad temperature interval from ⎯196 to -60°C. Gases were shown to be effective crazing promoting agents only at temperatures 10-20°C higher than their condensation or sublimation (in the case of CO 2 ) temperatures. A further tempera ture rise markedly decreases the potency of gases as crazing promoting agents. In this case, the deforma tion behavior of the polymers becomes similar to that in vacuum. In [8] , two possible mechanisms of action of a gas on a deformed polymer have been advanced: (i) a decrease in the surface energy of the formed fibrils that is due to gas adsorption and (ii) enhanced plastic deformation of the polymer provided by the plasticiz Abstract-Uniaxial tensile drawing of films based on semicrystalline isotactic PP in the medium of supercrit ical carbon dioxide at a pressure of 10 MPa and a temperature of 35°C is studied. The tensile drawing of PP is shown to proceed in the homogeneous mode without necking and is accompanied by intense cavitation. The maximum level of porosity is 60 vol %. The porous structure that develops owing to the tensile drawing of the polymer in supercritical CO 2 is provided by formation of a set of crazes that are primarily localized in interlamellar regions. According to small angle X ray scattering data, the average diameter of fibrils that bridge craze walls changes slightly with an increase in tensile strain and is ~10 nm; the specific surface of the craze fibrils is 100-150 m ing action of the gas in the craze tip. As the tempera ture increases, the adsorptional activity of a gas decreases and its solubility in the polymer becomes lower; as a result, its crazing promoting ability goes down.
In fact, according to [9] , there is a critical relative gas pressure p/p s = 0.20-0.25 (p s is the pressure corre sponding to gas condensation at a given temperature) below which no classical crazes form. At this pressure, a monolayer of sorbed gas on a flat surface arises. The maximum craze growth rate is attained at p/p s ~ 0.60-0.80, at which several polylayers form on the polymer surface. It was assumed in [10] that the adsorptive action of the gas requires its condensation in the formed cavities, that is, formation of a liquid phase.
In recent years, the interest of researchers has been focused on problems of the interaction between poly mers and gaseous media above the critical temperature and under the action of high pressure (above 5 MPa). The distinctive features of supercritical fluids are the absence of gas/liquid interfaces and the prohibition of the liquid phase. Under certain conditions, these flu ids combine the characteristics of a liquid (its ability to dissolve solids, high density) and a gas (low viscosity, low surface tension).
Of special interest is the study of interaction between polymers and supercritical carbon dioxide [11] , which has low critical parameters (T cr = 31.8°C, p cr = 7.4 MPa). At temperatures above the critical tem perature and at a pressure of 10-30 MPa, it shows good thermodynamic affinity toward all linear com mercial polymers.
There are several publications [12] [13] [14] [15] devoted to the tensile drawing of various polymer films and fibers in a supercritical fluid. They can be conditionally divided into two basic groups: (i) postorientational drawing for the preparation of high modulus fibers based on PET, PA 6, and ultrahigh molecular weight PE [12, 13] and (ii) preparation of highly porous poly mer films and fibers with submicronic and micronic pores [14, 15] .
In this study, supercritical carbon dioxide is used as a crazing promoting medium. In this case, this approach offers an evident advantage for the replace ment of traditional liquid media, which usually are organic solvents (alcohols, hydrocarbons, amines, etc.), with ecologically friendly, fireproof, and explo sion proof fluids. Of special attraction are the simple procedure of removing СО 2 from the volume of poly mers after their stretching and the absence of any cap illary phenomena that usually lead to marked struc tural rearrangements of the unstable crazed structure. Moreover, in comparison to the densities of conven tional gaseous media, the density of supercritical car bon dioxide can be varied in a broad range, thereby achieving the density of liquids [11] . These specific features of supercritical carbon dioxide allow fine adjustment of the activity of the medium.
Earlier [16, 17] , we studied the specific features of uniaxial tensile drawing of commercial films of various polymers in the medium of supercritical carbon diox ide (a pressure of 10 MPa, a temperature of 35°C). This approach allowed development of a porous struc ture in certain polymer films (PP and HDPE). We assumed that, in this case, the formation and develop ment of an open porous structure proceeds via the mechanism of crazing. However, the mechanism of this process remains unclear.
The objectives of this study are the comprehensive investigation of the mechanism of crazing and the detailed characterization of the structure formed dur ing uniaxial stretching of films based on isotactic PP in the medium of supercritical carbon dioxide. For this purpose, various structural and mechanical approaches were used. For example, the method of small angle X ray scattering was used to calculate the parameters of the porous structure. The solution of the posed problems presents evident interest not only for description of the mechanism of deformation of poly mers in specific fluids that are supercritical gases but also for prediction of physicomechanical characteris tics of materials used under given conditions. EXPERIMENTAL Two types of commercial films based on isotactic PP were studied.
First, isotropic PP 1 film (M w = 3 × 10 5 , the film thickness was 120-140 µm) prepared via melt extru sion was studied. The initial film was annealed in the free state at 140°C for 3 h. After annealing, the poly mer sample had a melting temperature of 165°C and a degree of crystallinity of 65%.
Second, a slightly oriented extrusion film based on PP 2 (M w = 1.5 × 10 5 , the film thickness was 60-80 µm) was studied. The initial film was annealed in its free state at 150°С for 1 h. After annealing, the poly mer had a melting temperature of 165°С and a degree of crystallinity of 65%.
The annealed PP samples had a monoclinic struc ture of crystallites. Optical microscopic observations did not reveal any spherulites in the test films.
The uniaxial tensile drawing of the PP samples in the medium of СО 2 was performed in a specially designed stretching labscale device.
2 Standard dumb bell shaped specimens with a gage size of 6 mm × 20 mm were used. A schematic presentation and a photograph of the experimental setup are shown in Fig. 1 . A pressure generator (High Pressure Equip ment, United States) with a volume of 90 ml was used to achieve a pressure gradient of up to 30 MPa. A set of
